Progress in the electroweak physics at the e þ e À colliders are reviewed, focusing mainly on the latest and highest energy colliders LEP and SLC. The results on the Z and W boson properties are discussed, and the implications of these precision results in the standard model are shown.
Introduction
It would be fair to say that electron-positron (e þ e À ) colliders have made vital contributions to the progress on particle physics. The spectacular success in the 1970s includes the discovery at SPEAR of c" c c resonances ðJ=É; É 0 ; . . .Þ, charmed mesons and leptons, the study of Ç resonances at DORIS and CESR, and discovery of B mesons, the observation of quark and gluon jets at PEP and PETRA, followed by TRISTAN in 1980s towards higher collision energies. A great advantage of e þ e À colliders is the well defined initial state of the point-like electrons, leading to very clean final states, allowing both precise measurements and clear signatures of new phenomena. LEP 1) and SLC 2) are on the wave front ( Fig. 1) , conceived as the machines to explore physics at the electroweak scale, by producing a large number of Z bosons, and at a later stage W pairs at LEP-2. This report gives a brief summary of electroweak physics at e þ e À colliders, focusing mainly on the results from LEP and SLC.
Colliders and Experiments
The SLC collider at SLAC was based on the existing 3 km linear electron accelerator originally built in the 1960s. It was upgraded and modified in the 1980s to accelerate both electrons and positrons to the beam energies sufficient to produce the Z boson. The beams were brought into collision at a single interaction point after guided along two arcs. In June 1989 the first e þ e À collisions at the Z energy were recorded by the Mark II detector. By August 1989, the first results of the Z resonance parameters were produced. 3) Since 1992, the new SLD detector 4) took data at the SLC. The machine was also upgraded to provide longitudinally polarised electron beam, 5) the feature unique to the SLC which is absent in LEP. By 1998 when the SLC was finally stopped, SLD detector collected 0.6 million Z decays. For a large fraction of the dataset, the level of polarisation was over 70%.
The LEP collider was built at CERN in the 1980s. It was a circular accelerator of its 27 km circumference, the largest accelerator in the world. The large size was dictated by the requirement of limiting the energy loss due to synchrotron radiation, which goes as E 4 beam , to a manageable level. Existing CERN accelerators such as PS and SPS were used to ramp the energy of electrons and positrons to the LEP injection energy at 20 -22 GeV. The e þ e À beams were further accelerated in the LEP ring and brought into collisions at four interaction points where the four LEP detectors ALEPH, 6) DELPHI, 7) L3, 8) and OPAL, 9) were located.
LEP started its operation in 1989 at the centre-of-mass energy near to the Z mass. Until the end of 1995, four LEP experiments each collected about 4.5 million Z decay events.
In the second phase of LEP operation (LEP-2) from 1996 until 2000, centre-of-mass energy was increased progressively. Pair production of the W boson became possible for the first time in the e þ e À collision, allowing precise measurements of W boson mass and detailed studies of W pair production mechanism. Another important topic throughout the LEP programme was searches for the Higgs boson and other possible new physics signatures which could appear only at high energies. In the last year of LEP operation, the centre-of-mass energy of LEP reached to its highest energy of 209 GeV.
The Standard Model in Brief
At the tree level in the standard model of electroweak interaction, properties of Z and W bosons are determined practically by three independent parameters corresponding to the two gauge couplings of SUð2Þ L Â Uð1Þ Y and the vacuum expectation value of the Higgs field. A basic parameter set suited for the Z studies is G F , m Z and , since they are measured precisely. Other parameters like W mass SPECIAL TOPICS 
Here T 3 is the third component of the weak iso-spin, and Q is the fermion charge. Alternatively vector and axial-vector couplings are defined as:
These simple relations are modified by radiative corrections, which depend, among others, on the top mass m t and the Higgs mass m H . The parameters G F , m Z , and m W can be defined as physically measured quantities and eq. (2) holds with ¼ 1, introducing a corrected sin 2 W . The electromagnetic coupling is replaced by the running value ðm Z Þ. Equation (1) is modified accordingly. For the Z resonance in e þ e À collisions, effects on parameters and sin 2 W in eq. (3) can be largely absorbed by defining corresponding effective complex quantities.
13) It is possible to split these corrected quantities into two parts; real and constant parameters (the effective parameters) and in general very small complex remnants. Furthermore, the constant effective parameters can be treated in a very good approximation 14) as if they are independent parameters, allowing a (nearly) ''model independent'' parametrisation with the small remnants calculated using the standard model.
The basic strategy of LEP and SLC electroweak measurements is to summarise the measured observables in terms of these ''model independent'' pseudo-observables, and compare them to the standard model predictions to test the model and determine or constrain the standard model parameters such as m t and m H .
Z Parameters
The process e þ e À ! f " f f is mediated in the s-channel by two spin-1 neutral gauge bosons, a massless photon and a massive Z boson. The cross-section can be parametrised by a Breit-Wigner resonance for the Z contribution and remaining contributions from photon exchange and -Z interference:
where s is the centre-of-mass energy squared, m Z and À Z are mass and total width of the Z boson, and 0 f is the peak cross-section of the resonance. Here the s-dependent width is used in the definition. Measurement of the resonance curve, the Z lineshape, allows precise determination of the three parameters m Z , À Z , and 0 f . The peak cross-section is related to the partial widths for initial and final state fermions, À e and À f , with
By combining lineshape measurements for all visible fermion final states f = e, , , and hadrons (q), partial widths À f can be extracted. Due to the parity violating couplings of the Z to fermions, various asymmetries arise in the process e þ e À ! Z ! f " f f. This can be seen by writing down the cross-sections for different helicity combinations ij (i = L, R, j = L, R):
where CðsÞ is the s-dependent common coefficient, and i indicates left(L)-or right(R)-handed initial-state electron and j for L or R final-state fermion f. Left-and right-handed couplings are each denoted by g Lf and g Rf . Angular distributions for unpolarised beams, ignoring the final-state helicity Cross-section is obtained by averaging over initial-state helicities and summing over final-state helicities.
where the asymmetry parameter A f is defined by:
arise from the term proportional to cos , and is given by:
Polarisation of final-state fermion, unpolarised beams In the -pair final-state, polarisation of taus can be measured based on the V-A charged current decays of taus. The tau
The forward-backward symmetric term is proportional to A , while the anti-symmetric term is proportional to A e . From the measurement of -polarisation, A e and A are extracted simultaneously and almost independently. Polarised beam, cross-section asymmetries Measured by the SLD experiment at SLC using the polarised electron beam. Left-right cross-section asymmetry directly determines A e .
Here ij is the cross-section integrated over cos within forward-backward symmetric acceptance. Alternatively, J. Phys. Soc. Jpn., Vol. 76, No. 11
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Forward-backward asymmetries are measured at LEP for charged leptons e, and , and for b and c quarks. Using the measurements of A e (from electron A FB and polarisation), the parameters A , A , A b , and A c can be extracted using eq. (13) . At SLC A LR and A FBLR measurements determined the parameters A e , A , A , A b , and A c . The LEP and SLC results form a complementary and practically complete set of the A f measurements.
If the Z couplings follow the standard model structure, the ratio of vector and axial-vector couplings can be represented by the effective mixing angle sin 2 f eff 
Lineshape and leptonic A FB
The Z mass m Z , the total width À Z , and pole cross-section 0 f are determined from the lineshape measurement (Fig. 3 ). How well these parameters be determined depends on how accurately the ''lineshape'' is determined. Since the hadronic final-state is the dominant decay mode of the Z ($87% of visible decays), m Z and À Z are mainly determined from the hadronic lineshape. The data sample from 1993 -1995 is particularly important. In this running period, precision energy scans have been performed at three centre-of-mass energy points on the peak and two off-peak points approximately 1.8 GeV above and below the peak. About 36 pb À1 of integrated luminosity were collected by each of the LEP experiments at the off-peak points. In 1994 all data were collected on peak and about 55 pb À1 were collected. Measurements of 0 f and the pole asymmetry A 0;f FB profit from the high statistics measurements at the peak.
Systematic uncertainties must also be under control in order to make full use of the statistical precision. Key issues are:
. Event selection efficiency and background.
. Determination of luminosity.
. Precise calibration of LEP beam energy.
. Precision calculation of radiative corrections. All of these were studied carefully. Systematic uncertainties on the cross-section and asymmetry measurements were controlled to better than 0.1%. Luminosity determination was based on the measurement of the rate of small angle Bhabha scattering (e þ e À ! e þ e À ). The experimental uncertainty was well below 0.1% while the commmon theory uncertainty was 0.06%. Successful calibration of LEP energy achieved a relative accuracy of 10 À5 level.
10)
Uncertainties on m Z and À Z arising from LEP energy uncertainty are AE1:7 and AE1:2 MeV, respectively. The cross-section formula eq. (5) is largely modified due to radiative corrections, mainly by initial-state radiation. In order to interpret the precisely measured quantities, quality of theoretical calculations must match the experimental precision. Achieved theoretical precision of the calculations as implemented in the programs ZFITTER 11) and TOPAZ0, 12) is typically to the 10 À4 level. 13) Using these data, lineshape and lepton A FB are analysed by fitting theoretical parameterisations to the data. The standard set of the parameters are:
. m Z and À Z , defined in eq. (5). . The hadronic pole cross-section
. Partial width ratios: 
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. Leptonic pole asymmetries.
Results from the four LEP experiments are combined 14, 15) to obtain the best results from LEP. The Z mass has been determined to a relative precision of 10 À5 , m Z ¼ 91:1875 AE 0:0021 GeV. The ratio of invisible width, À inv ¼ À Z À À e À À À À À À had , to the leptonic width is:
The uncertainty is largely due to the luminosity uncertainties. Assuming the invisible width is due to neutrinos, and using the standard model expectation for this ratio for a single neutrino species ðÀ =À ' Þ SM ¼ 1:99125 AE 0:00083, the number of light neutrino species is obtained as:
which is consistent with three. Alternatively, assuming N ¼ 3 additional contribution to the invisible width is
and the 95% confidence level upper limit on the additional width is
polarisation
The fermion pairs produced via the Z resonance is polarised according to eq. (14) . In the -pair production, polarisation can be measured from the kinematic distributions of decay products. Observed distributions are in general distorted from the original distribution due to detector effects, biases arising from event selection and radiative effects, and backgrounds. Monte Carlo simulation is used to take into account such effects. Expected distribution is parametrised as a linear combination of two distributions, one corresponding to helicity +1 and the other to À1, and the relative fraction of the two contributions, giving the best fit to the data, corresponds to the polarisation.
The LEP experiments have analysed all relevant decay modes: ! , , a 1 , e e , . Depending on the nature of each decay mode, an optimal kinematic observable is constructed and used for fitting the polarisation. Combined polarisation measurements 15) are shown as a function of cos in Fig. 4 . The data behave as expected from eq. (14) . Separately extracted A e and A from the polarisation measurements are A e ¼ 0:1498 AE 0:0049 and A ¼ 0:1439 AE 0:0043, consistent with equality as expected from the lepton universality. The combined leptonic asymmetry parameter A ' from the polarisation measurements is A ' ¼ 0:1465 AE 0:0033.
b and c widths and asymmetries
Z decays into b and c quarks can be identified with good efficiency and purity. Using the tagged b and c samples, the Z partial widths into b and c quarks, and asymmetries were measured.
. Ratios of b and c partial width to the hadronic width:
. Forward-backward pole asymmetries:
. Asymmetry parameters for b and c from A FBLR :
Various tagging techniques were developed. The lepton tag is based on the weak semi-leptonic decays of b/c flavoured hadrons. Due to the large mass of b/c hadrons, these leptons tend to have high momentum (p), and high transverse momentum (p t ) with respect to the jet axis. Separation between b and c quarks is made based on different ðp; p t Þ spectra for b ! ', b ! c ! ', and c ! '. For the asymmetry measurements, charge of the lepton provide information to distinguish q from ". A powerful method of b tagging is based on the long life time (typically 1.5 ps) and large mean charged multiplicity of B hadron decays. The LEP/SLD detectors were equipped with precision vertex detectors which allow detecting signatures of displaced decay vertex, either by directly reconstructing the secondary vertex, or based on a large number of tracks with significant impact parameter. Large invariant mass of the particles from the secondary vertex is also an indication of B hadron decays. These sensitive variables are often combined using artificial neural network or likelihood technique. Figure 5 shows an example of such b-tagging variables. The SLD experiment profited from the small beam size and small beam pipe of the SLC collider which enabled tagging b/c quarks with higher efficiency than LEP experiments. This allowed SLD to perform competitive measurements of R Results from the LEP experiments and SLD using different techniques are found to be consistent. A combination 15) has been made using these measurements to produce a set of b and c quark measurements on R and A ' measurements, or could be arising from some new physics effects which involve non-standard b couplings. Direct determination of A b is not precise enough to distinguish the two possibilities.
From the asymmetries A f and partial decay widths À f , vector and axial-vector couplings can be extracted; A f determines (g Vf =g Af ), while À f determines (g 
Measurements above the Z
By the end of LEP-2 operation in the year 2000, the integrated luminosity collected by each of the LEP experiments at the centre-of-mass energies above the Z reached 700 pb À1 . The range of centre-of-mass energy is 130 -209 GeV.
W physics at LEP-2
Each LEP experiments collected about 12,000 W pair events e þ e À ! WW from the full LEP-2 data sample. This allows precise measurements of W properties (mass, width and decay branching ratios), and direct tests of the unique structure of three gauge boson couplings through systematic studies of production cross-section, angular distribution and W helicity.
A W boson decays either hadronically (W ! q") or leptonically (W ! ' " ). In the e þ e À collisions at LEP-2, all decay final states from W pair production are identified with good efficiency and purity. W pair cross-section and W decay branching ratios are determined from data without relying much on the standard model. 
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T. KAWAMOTO the measured W pair cross-section as a function of centreof-mass energy. The measured data are compared to the standard model expectation [solid (green) curve] obtained using the latest precision calculations. 16) Also shown in the figure are two dashed curves which correspond to two scenarios where one or both of the gauge boson selfcouplings were absent. It clearly indicates that there are in fact self-couplings of gauge bosons and the structure of the couplings are as given in the standard model. Further detailed studies have been performed which can be found elsewhere.
17)
The W boson mass contains, through the standard model relations and radiative corrections, information on the other standard model parameters. In particular, given the precisely known values of ðm Z Þ, m Z , and G F , radiative corrections are sensitive to the values of top mass and yet unknown Higgs mass.
W mass were measured at LEP-2 by reconstructing the invariant mass of the W decay products with a constraint of the LEP beam energy. Precise calibration of LEP energy is therefore vital for the W mass measurement. Two decay modes were used. In the WW ! q""channel, both W bosons decay into quark pairs, leading to 4-jet final states. Another channel is the WW ! 'q"final state where one W decays into ' and the other into q". Though the neutrinos are invisible, due to the beam energy constraint, complete kinematic reconstruction is possible.
Combined m W from the results of the four LEP experiments 17) is shown in Fig. 9 . The statistical uncertainty of the LEP m W is 25 MeV. Without systematic effects, it would be about 20 MeV. However, due to uncertainties on the effects of final state hadronic interactions, 17) the weight of the WW ! q""channel has been reduced in the combination. Also shown is the measurement from the p" p p collider including the new preliminary result from Tevatron RUN-II.
18,19) These two measurements are based on quite different techniques, and they agree well, yielding an average value of 80:398 AE 0:025 GeV.
19)

Higgs Boson Searches
Higgs boson was searched at LEP and LEP-2. In e þ e À collisions at the LEP/LEP-2 energies, Higgs boson is produced mainly via Higgsstrahlung process,
Since the cross-section decreases as the Z goes off-shell, the LEP-2 Higgs searches are limited to the Higgs mass 
Global Analysis in the Standard Model
The precision electroweak measurements at LEP/SLC and other experiments can be used in the global analysis in the framework of the standard model to see whether all data are compatible with the standard model expectations for a common set of the standard model parameters, and to derive or place constraint on the parameters. Particularly interesting of these parameters is the Higgs boson mass which is the last unknown standard model parameter.
The following data are used in the analysis discussed here. 15, 19) . The Z parameters -lineshape and lepton asymmetry at LEP: m Z , À Z , . Light quark contribution to the running of : Á ð5Þ h ðm Z Þ 22) In the determination of Á ð5Þ h ðm Z Þ, data of cross-section for e þ e À ! hadrons at low energies are particularly important. The set of the standard model parameters used are: ðm Z Þ, m Z , and G F as the three basic parameters of the electroweak interaction, and s ðm Z Þ for QCD corrections. In addition m t and m H are needed to calculate radiative corrections. The latest version of ZFITTER and TOPAZ0 programs are used. Some of the measurements in the list are used to directly constrain these parameters ðm Z ; Á ð5Þ h ðm Z Þ; m t Þ, while other observables are calculated in the standard model and compared to the experimental results.
As seen in §3 effects of electroweak radiative correction appear in Á and sin 2 f eff . They control the size of Z partial widths À f and asymmetry parameters A f . In case of the hadronic width À had , QCD final state correction is also included, therefore it is sensitive to the strong coupling constant s ðm Z Þ. There are additional corrections to the b quark couplings arising from the vertex correction, leading to the unique dependence of À b on m t . Finally the W mass involves the correction Ár to eq. (1).
The Z observables are functions of quantities such as m Z , À f , sin 2 f eff . Depending on how the observables are constructed from these quantities, the sensitivity to the standard model parameters are different. For example, the asymmetry A ' is a function of sin 2 lept eff , which is sensitive to m t and m H . On the other hand partial width ratio R 0 ' ¼ À had =À ' is insensitive to the values of m t and m H due to a large cancellation of universal corrections included in both of À had and À ' , but it is sensitive to the strong coupling constant s ðm Z Þ which is involved in the QCD correction on À had . The hadronic pole cross-section
Z has only weak sensitivity to any of the standard model parameters. This is because in addition to the cancellation of universal corrections in the Z widths, the QCD correction, which is included both in À had and À Z , also cancels largely. However, 0 had is sensitive to the invisible width, or, number of neutrino species N , which directly determines the total width À Z .
To see how these observables place constraints on m t and m H through radiative corrections, Fig. 10 As an another way of presentation, Fig. 11 shows in the m t -m W plane the constraint using indirect measurements only, and comparison with the direct measurements. Direct 
Conclusion
Twelve years of running of the two e þ e À colliders, LEP and SLC, was very fruitful. Determination of the number of light neutrino species is one of the most important results. Direct tests of the gauge boson self-couplings should also be noted. Precision results from LEP/SLC allowed tests of the standard model to the level of radiative correction, and it seems the standard model, based on the gauge symmetry and the spontaneous symmetry breaking due to the Higgs mechanism, is well established. Agreement between indirect and direct determinations of m W and m t is a demonstration of such tests. Similar analysis has been repeated to predict the Higgs mass. Current knowledge on the probable Higgs mass is in the range of 114.4 -144 GeV as inferred from the results of direct searches at LEP and indirect bound through the analysis of precision measurements in the framework of the standard model.
Further improvements of experimental data will come in future; new information from the current and future experiments include a new set of m W and m t measurements from Tevatron. LHC will further contribute to these precision measurements, and more importantly discovery and studies of the nature of the Higgs boson, and probably something new beyond the standard model. Future e þ e À linear collider will follow to make a new round of precision and systematic survey of physics, hopefully be including new physics. eff . The contour shows the 68% probability area determined from a global fit to the Z data.
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